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7.1

Introduction
The Hessian fly (Mayetiola destructor) was the first
invasive insect to cause economic havoc in the USA
(Pauly2002). It is believed to have originated in Southwest Asia, along with its primary host plant, wheat
(Triticum spp.) (Harris et al. 2003). It clearlyhad along
association with small grains in Europe (Fitch 1846;
Barnes 1956) and, at about the time of the American Revolutionary War, it was transported to the
Americas, probably aboard sailing vessels carrying
wheat straw. Its common name reflects the disdain
American farmers had for both the insect and the
mercenary Hessian soldiers that fought the American Revolutionary Army (Hunter 2001). Today, the
insect remains one of the most important pests of
wheat in North America, North Africa, Western Europe, New Zealand, and Southwest Asia (Hatchett et
al. 1987; Naber et al. 2000,2003; Harris et al. 2003). Its
pest status has been the primary motivation for genetic studies. Nevertheless, there are additional features that make it a subject worthy of investigation.
Among these are its specialized relationship with its
host plant, its evolutionary position, and an unusual
chromosome cycle.
The Hessian fly is a gall-forming insect (Harris
et al. 2006) with several attributes that make it suitable
for genetic analysis: a short life cycle (30 days), a small
genome (158 Mb) (Johnston et al. 2004), and polytene
chromosomes. The reproductive biology and behavior of the insect also make it an attractive model (Harris and Rose 1989,1990;Bergh et al. 1990; Kanno and
Harris 2000; Morris et al. 2000; Harris et al. 2001).
Compared to most plant-feeding insects, Hessian flies
can be reared in a small space. Unlike gall-forming

aphid species, the Hessian fly is always sexually reproducing. Females mate only once and deposit 100400 eggs on the adaxial surfaces of wheat leaves in
a short time (approximately 3 hours). Eggs hatch in
only 3-4 days at 20 OC. Newly hatched larvae move
to the base of the nearest node where their feeding
causes abnormal stem and leaf growth, stunting, and
the eventual death of seedlings (Anderson and Harris 2006). Larvae normally feed for only 10- 12 days,
and up to 50 larvae can survive on a single wheat
seedling. Non-feeding (third instar) larvae can be easily maintained in diipause at 4 "C for more than a year.
This makes it possible to conveniently maintain collections of various Hessian fly populations and genotypes without continual breeding. It also makes it possible to screen thousands ofwheat plants for resistance
to specific genotypes of the pest. Screening has discovered over 30 Hessian fly resistance genes (H genes
named H1, H2, H3, etc.) (Martin-Sanchez et al. 2003;
Sardesai et al. 2005). It has also permitted the discovery of Hessian fly phenotypes (commonly referred to
as biotypes) that differ with respect to their ability to
survive on wheat plants carrying different H genes.
The desire to understand the mechanisms that underlie these phenotypes remains the major impetus for
studying the genetics of this pest. This chapter provides a brief history of these investigations, gives an
overview of the current state of Hessian fly genomics,
and draws attention to areas for future Hessian fly
research.

7.1 .I
Taxonomic Description

The Hessian fly is a member of the family Cecidomyiidae, one of the largest families within the Order of
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true flies (Diptera) (Mamaev 1975; Gagne 1994). It
was the first gall midge identified in North America (Gagne 1989). Its scientific name was changed
from Phytophaga destructor to Mayetiola destructor in the mid- 1960s. Cecidomyiids are grouped with
other primitive flies (e.g., mosquitoes, midges, gnats,
and black flies) in the paraphyletic suborder Nematocera (Yeates and Wiegmann 1999).They belong to the
infraorder Bibionomorpha with the Mycetophylidae
and the fungus gnats (Sciaridae) (Friedrich and Tautz
1997). The family Cecidomyiidae has been divided
into the subfamilies Lestremiinae, Porricondylinae,
and Cecidomyiinae. The Lestremiinae and the Porricondylinae are considered to be the more primitive
and their members generally feed on fungus or decaying organic matter. The Cecidomyiinae, to which
the Hessian fly belongs, comprise the youngest and
largest subfamily. Its 3,850 described species represent
about 80% of all known cecidomyiids (Harris et al.
2003). A few of these are beneficial predators of aphids
and other plant-feeding insects, but most are plant
feeders. A significant number of these are important
pests; the sorghum midge (Contarinia sorghicola),the
Asian rice gall midge (Orseolia oryzae), the African
rice gall midge (Orseolia oryzivora), the wheat midge
(Sitodiplosis mosellana), the sunflower midge (Contarinia schulzi), and the Swede midge (Contarinia
nasturtii) are just a few of the more important examples. The greatest proportion of species in the
subfamily Cecidomyiinae is divided into two monophyletic supertribes, the Lasiopteridi and the Cecidomyiidi (Harris et al. 2003). The Hessian fly belongs to the Lasiopteridi. The genus Mayetiola includes 26 additional species in Europe and one additional species in North America (Gagne 1989). All
Mayetiola live on grasses. Other economically important species attack barley (M. hordei), rye (M. secalis),
brome (M. bromicola), and oat (M. avena) (Harris
et al. 2003).

7.1.2
Economic Importance

The economic importance of the Hessian fly is closely
associated with that of wheat, which ranks first among
all crops in total production and acreage and provides more nourishment for people than any other
food source (Briggle and Curtis 1987). Hessian fly

resistant wheat cultivars are the most popular and effective means of Hessian fly control (Hatchett et al.
1987; Buntin et al. 1990, 1992; Ratcliffe and Hatchett 1997). Thus, the deployment of Hessian fly resistance into elite lines and cultivars remains a priority in many wheat breeding programs. The acreage
planted to resistant wheat (now over 40% across the
USA) is expected to continually increase (Patterson
et al. 1990; Ratcliffe and Hatchett 1997). Unfortunately, Hessian fly resistance genes typically lose their
effectiveness in 7- 10 years (Buntin and Chapin 1990;
Ratcliffe et al. 1994, 1996). This is caused by the selection of "virulent" Hessian fly genotypes (genotypes that are capable of living on an otherwise resistant wheat) by the wide utilization of single H genes
(Cox and Hatchett 1986; Gould 1986; Hatchett et al.
1987).Improving the durability of Hessian fly H genes
is a goal of wheat breeding programs throughout
the world. One approach is to pyramid H genes in
wheat cultivars and elite lines. These efforts are ongoing.

7.1.3
Classical Genetics and Cytology

Accounts of resistance to the Hessian fly date back to
1785 (Painter 1951). It was Reginald Painter (Painter
1930),however, who discovered that field populations
of the insect are composed of a mixture of distinct
genotypes that differ in their ability to survive and
stunt various wheat cultivars. Painter's observations
were followed by the development of screens for Hessian fly resistance in wheat (Cartwright and LaHue
1944), and later, by the selection of four Hessian fly
strains that differed in their ability to survive on
wheats derived from the resistant spring wheat "W38"
and the resistant durum wheat P.I. 94587 (Gallun et al.
1961). Several genetic experiments then identified resistance genes H3 in "W38," H5 in "Ribeiro," and H6 in
P.I. 94587 (Caldwellet al. 1946; Shands and Cartwright
1953; Allan et al. 1959). These accomplishments set
the stage for the classical genetic experiments that
firmly associated this insect with the gene-for-gene
hypothesis (Flor 1956). Hessian fly virulence to each
of these resistance genes was conditioned by simply
inherited recessive alleles (Gallun and Hatchett 1969;
Hatchett and Gallun 1970; Gallun 1977, 1978). Importantly, the alleles conditioning virulence to these
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genes were shown to be non-allelic (Gallun 1978).
Thus, consistent with the gene-for-gene hypothesis, it
appeared that for each resistance gene in wheat there
was a corresponding Avirulence (Avr)gene in the Hessian fly. Similar experiments later showed that the
gene-for-gene hypothesis holds for resistance genes
H9 and H13 (Formusoh et al. 1996; Zantoko and
Shukle 1997) and demonstrated that Avr genes vH3
and vH5 are autosomal whereas vH6, vH9, and vH13
are X-linked.
Before it was possible to perform gene mapping
experiments in the Hessian fly, it was necessary to
develop an understanding of its genome organization

\

Zygotes

Male
,a

/A"1

,.A

cL!
SP€

Fig. 1 The chromosome cycle of the Hessian fly. Each zygote
contains 30-40 germline-limited E chromosomes (shown as
a single chromosome in outline), two autosomes (A1 and A2)
and two X chromosomes (XI and X2). During embryogenesis
(A, B) the E chromosomes are eliminated from the presumptive
somatic nuclei, but are retained in the germline. When the maternally derived autosomes and X chromosomes (black chromosomes) and the paternally derived autosomes and X chromosomes (grey chromosomes) are retained in the soma (A)
the embryo develops as a female. However, if the paternally
derived X chromosomes are eliminated from the soma (B) the
embryo develops as a male. The autosomes and X chromosomes recombine and the E chromosomes divide mitotically
during oogenesis (C). Each ovum normally contains a haploid
set of autosomes and X chromosomes and a full complement
of E chromosomes. The E chromosomes and the paternally
derived autosomes and X chromosomes fail to segregate into
the spermatozoa during spermatogenesis (D). Every sperm cell
contains only a haploid complement of autosomes and X chromosomes. Males therefore transmit only their maternally derived alleles to their offspring
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and its unusual chromosome cycle (Fig. 1). Chromosome elimination was observed during both embryogenesis and spermatogenesis (Metcalfe 1935; Bantock 1970; Stuart and Hatchett 1988). These studies
found that the Hessian fly has a variable number (3040) of E chromosomes (chromosomes limited to the
germline). The Hessian fly's S chromosomes (chromosomes present in both the germline and the soma)
are composed of two autosomes (A1 and A2) and two
X chromosomes (XI and X2). Female somatic cells
are diploid for both the autosomes and the X chromosomes (AlA2XlX21AlA2XlX2) whereas male somatic cells are diploid for the autosomes, but haploid for the X chromosomes (AlA2XlX21AlA200).
The segregation of a recessive, X-linked, white-eye,
mutation, and X-linked Avr genes showed that the
X chromosomes that are eliminated from the male
soma are always paternally derived (Shukle and Stuart
1993;Formusoh et al. 1996;Zantoko and Shukle 1997).
Thus, both chromosome imprinting and post-zygotic
chromosome elimination were clearly associated with
sex determination in the Hessian fly. In most females,
maternal genotype clearly influences the retention or
elimination of the paternally derived X chromosomes
from the somatic cells of their offspring. Those females produce either all-female or all-male offspring
(Stuart and Hatchett 1991).
Chromosome imprinting was also observed
during spermatogenesis. During meiosis I of spermatogenesis a monopolar spindle forms that carries
only the maternally derived S chromosomes to the
spermatozoa. The remaining chromosomes form
a "residual" nucleus that gradually disintegrates.
Thus, males transmit only their maternally derived
alleles to their offspring. Chromosome imprinting,
chromosome elimination, and post-zygotic sex determination have since become additional rationale for
the study of Hessian fly genetics and genomics. Work
in progress is focused on mapping and characterizing
the maternal effect locus that controls post-zygotic
paternal X chromosome loss.

7.1.4

Limitations of Classical Endeavors and Utility
of Molecular Mapping

The greatest barrier to classical genetic analysis in
the Hessian fly is the limited ability to perform mu-
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This work demonstrated the feasibility of map construction and confirmed the atypical pattern of chromosome inheritance that had previously been proposed based on cytological data (described above).
A second linkage map of the three X-linked Avr genes
vH6, vH9, and vH13 was also constructed (Schulte
et al. 1999). However, additional large-scale genetic
mapping efforts were postponed in favor of experiments designed to identify DNA polymorphisms
linked to specific Avr genes using bulked segregant
analysis (described below) and physical mapping. The
ability to physically position cloned DNA with relatively high precision on the larval salivary gland
polytene chromosomes of the Hessian fly was performed as a relatively inexpensive alternative to first
discovering and then genetically mapping polymorphic DNA sequences (Shukle and Stuart 1995). This
strategy was used to position genomic clones on
the polytene chromosomes by fluorescence in situ
hybridization (FISH), sequence fragments derived
from those clones, and develop sequenced tagged
site (STS) markers from the sequence data. The construction of Hessian fly bacterial artificial chromosome (BAC) libraries has greatly improved this approach (Fig. 2). Clones in three BAC libraries have
been used to position arbitrary genomic DNA fragments as well as ESTs (expressed sequence tags)
and STS markers. These efforts are expected to culminate in the development of an FPC-based BACcontiged map (Soderlund et al. 2000), currently under construction, that is physically anchored to the
polytene chromosomes of the Hessian fly and for
which the BAC-end sequences of each clone are available for the development of a variety of DNA-based
markers.
In addition to these efforts, an amplified fragment
length polymorphism (AFLP)-based genetic map of
the Hessian fly genome was constructed (Behura et al.
2004). A small mapping female population was developed (n = 55) and each female was DNA fingerprinted
using 16 selective primer combinations. A total of 183
polymorphic AFLP bands were observed, and 101 of
these were used in combination with six STS markers to construct a genetic map consisting of 69 ge7.2
netic loci on four linkage groups. The complete map
Construction of Genetic Maps
covered 443.4 cM and the loci on the map were separated by an average of 6.0 f 4.8 cM. To physically
The first genetic maps of the Hessian fly were con- anchor the genetic map to the polytene chromosomes
structed with seven allozyme loci (Black et al. 1996). of the Hessian fly, 35 AFLP bands were converted

tagenesis. This difficulty results from the life history
of the insect and its atypical chromosome cycle. The
insect is an obligate plant parasite. As a consequence,
a suitable artificial diet has not been developed. Spermatogenesis and oogenesis are completed while the
insect is a pupa. Adult males will drink fluids, but
they live only 2-3 days. Combined, these life history traits make it difficult to have Hessian flies consume a chemical mutagen before mating. Gross chromosome rearrangements induced with y-irradiation
and selected on the basis of semi-sterility have been
induced (Stuart et al. 1997). However, these experiments clearly illustrated the second liability; i.e., because males transmit only their maternally derived
chromosomes to their offspring, novel mutations are
subject to loss each generation they pass through
a male.
Other factors also limit the utility of the Hessian fly as a genetic model. The short life of the
adult prevents backcrosses between offspring and parents. Full-sib mating among the offspring of unisexual families is also obviously impossible. In addition, although females may deposit up to 400 eggs,
one rarely obtains more than 100 offspring from
a single female. The small size of the insect limits the quantity of DNA isolated from individuals
to about 1 pg. This limits the number and types of
molecular markers for which each individual can
be scored. Polymerase chain reaction (PCR)-based
markers work well, but conventional restriction fragment length polymorphisms (RFLPs) are obviously
problematic. The sex determination system and a tendency for inbreeding depression also make full-sib
matings difficult. As a consequence, the generation
of inbred reference strains and recombinant inbred
lines has been complicated. Nevertheless, unlike most
gall midge species, the Hessian fly can be reared efficiently and economically in a small space; making
the Hessian fly-wheat relationship one of the more
thoroughly studied insect-plant interactions (Harris
et al. 2003).
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Fig. 2 FISH mapping of BAC clones to the larval salivarygland
polytene chromosome of the Hessian fly. Hybridization of 21
BAC clones labeled with either biotin or digoxigenin on autosome 1 (Al), autosome 2 (A2), chromosomeX1 (XI), and chromosome X2 (X2). The positions of the biotin-labeled clones are
seen as green fluorescence. The positions of the digoxigeninlabeled clones are seen as red fluorescence. Yellow fluorescence
is visible where biotin- and digoxigenin-labeled probes overlap. Arrows indicate the positions of the centromeres. The position of the nucleolus (N) on chromosome A1 is also indicated

into STS markers and used as probes in BAC library
screens. BAC clones containing 20 of these markers
were successfully used in FISH experiments. Those
experiments established the correspondence between
the genetic linkage groups and the polytene chromosomes. They also established the orientation of
the linkage groups on the chromosomes. The proximal region of chromosome A2 was associated with
genetic recombination suppression. The long arm of
chromosome A1 and the long arm of chromosome X1
were associated with a relative abundance of markers
and thus may also be associated with recombination
suppression.

Our first approach to positioning Avr genes in the Hessian fly genome utilized RAPD-PCR and AFLP-PCR
in combination with bulked segregant analysis (Stuart et al. 1998; Schulte et al. 1999; Rider et al. 2002;
Behura et al. 2004). Compared to building a genetic
map of the entire genome, this approach was relatively efficient and permitted a mapping effort that
was focused exclusively on the identification of markers near the Avr genes of interest. These efforts identified polymorphic DNA markers linked to Avr genes
vH3, vH5, vH6, vH9, and vH13. The polymorphic DNA
markers were subsequently cloned, sequenced, and
converted into co-dominant STS markers. These STS
markers were subsequently used as probes to identify
larger genomic fragments within lambda and BAC
libraries that contained linked sequence. The larger
fragments were then used as probes in FISH experiments to position those fragments, and the associated markers and Avr genes, on the polytene chromosomes of the Hessian fly. The most successful effort
placed vH13 and five linked STS markers near the
telomere of the short arm of chromosome X2 (Rider
et al. 2002). To date the traits of interest in the Hessian fly have been qualitative in nature. Therefore,
quantitative trait loci (QTL) analyses still have to be
conducted.

7.4

Map-based Cloning
An attempt to clone vH13 was made by chromosome
walking (Lobo et al. 2006). Due to the presence of
repetitive DNA and DNA that may be resistant to BAC
cloning in this region of the genome, vH13 has not
yet been cloned. However, the genomic DNA near
vH13 was analyzed in considerable detail. This analysis determined that recombination frequencies near
the telomere on the short arm of chromosome X2
(approximately 100kb/cM) are favorable to a mapbased cloning effort. Several genes with orthologs in
the genomes of the mosquito, Anophelesgambiae,and
Drosophila melanogaster were also discovered. Interestingly, there was synteny among several of these
genes between the three species.

98

J. J. Stuart, M.-S. Chen, M. 0. Harris

7.5
Future Scope of Works
The development of genetic and genomic maps of
the Hessian fly arose from the necessity to improve
our understanding of this important insect pest. We
hope these developments will attract other scientists
to investigate the biology, genetics, and evolution of
this insect. Below, we briefly describe some of the
more obvious rationale for its continued study and
address the part that genomics will play in the scope
and direction of that research.

7.5.1
Insect-Plant Interactions

The Hessian fly-wheat interaction is one of the more
thoroughly studied and often cited examples of hostparasite co-evolution (Harris et al. 2003). It shares
many features of pathogenesis and host resistance
exhibited by microbes, nematodes, plant pathogenic
fungi, and other insects (Subramanyam et al. 2005).
It is clearly not the only insect to have such a relationship with its host (Bentur et al. 2003). However,
unlike the majority of the others that do, its biology affords an opportunity to explore this relationship genetically. Upon the completion of the FPCbased genomic map, the Hessian fly-wheat relationship will provide an insect-host system that is genetically tractable on both sides of the insect-plant
interaction.
One goal is to use the physical genomic map
to clone the three X2-linked Avr genes, vH6, vH9,
and vH13. The position of vH13 has been narrowed
to a region less than 500 kb (Rider et al. 2002; Behura et al. 2004; Lobo et al. 2006). Experiments are in
progress to identify the contig in the map that encompasses this gene. Portions of the clones in that
contig will be sequenced to generate molecular genetic markers for high-resolution genetic mapping
of vH13 within the contig. With the high recombination rate observed near vH13, it is expected that
its position will be refined to a single BAC clone.
A similar approach will be directed at identifying the
genes vH6 and vH9. Still lacking is a functional assay for testing candidate Avr genes. Efforts to develop
RNAi for this purpose are ongoing in several laboratories.

7.5.2
Understanding the Process
of Insect Gall Formation

The Hessian fly has recently been shown to modify
plant cells at feeding sites, creating a neoplasm, or
gall, that benefits the parasite by the creation of a nutrient sink (Harris et al. 2006). Hessian fly genomics,
therefore, offers a means of answering a question first
posited by Malpighi in the seventeenth century: How
does the control over the fate of plant cell development pass from the plant to the gall-forming parasite? We suspect that the Hessian fly larva injects
a salivary product into epidermal cells that triggers
complex changes in plant cell development. In fact,
recent analyses of first instar larval salivary gland
EST libraries indicate that the insect secretes over 200
families of small proteins as it begins feeding on the
plant (Chen et al. 2004,2006; Liu et al. 2004). No obvious homologs of these proteins exist in GenBank.
Nevertheless, the timing of their expression suggests
some of them may be important to the process of gall
formation. Moreover, some may also be elicitors of
Hessian fly resistance (Avr gene products). Genomic
investigations are ongoing to determine the organization of these genes, their regulatory sequences,
and their distribution in the genome. Genetic analysis is being pursued to test their association with
mapped Avr loci. Microarray technology will likely
play a valuable role in determining the regulation of
the expression of the genes encoding these secreted
salivary gland proteins (SSGP) in various Hessian fly
genotypes as they feed on resistant and susceptible
plants.

7.5.3
Evolutionary Biology

In combination with the genome sequences of
Drosophila, Anopheles, Aedes, Apis, and other insect
genomes presently being sequenced, Hessian fly
genomics will extend evolutionary and comparative
knowledge of the Insecta. Genetic and physical map
positions of heterologous genes will be determined
in order to observe trends in insect genomic evolution. Within the insect order Diptera, comparative
studies between Hessian fly and Drosophila spp.,
Anopheles spp., and Aedes spp. are ongoing. Within
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the Cecidomyiidae, comparative studies between the
Hessian fly, the rice gall midge (Orseolia oryzae),
and the wheat midge (Sitodiplosis mosellana) are
in progress. The results of these investigations
will permit an evaluation of the potential of the
Hessian fly as a comparative model of other important gall midge species. As a member of the
Nematocera, comparative analyses may permit an
understanding of how primitive flies were able to
take two drastically different paths of parasitic
evolution: one that led to a lifestyle of feeding on
vertebrates, and another that led to a lifestyle feeding
on plants.

7.5.4
Population Biology

Managing Hessian fly damage to wheat has long been
a matter of population biology. In this context, it
is important to point out that it is relatively easy
to manipulate Hessian fly populations with resistant wheat cultivars on a scale that mimics conditions relevant to important and current agricultural
issues. For example, early experiments demonstrated
the relevance of the Hessian fly to the management
of transgenic crops (Cox and Hatchett 1986; Gould
1986, 1998), and the application of autocidal insect
control (Foster and Gallun 1972). We also envision
investigations that address the role wild hosts have
on the evolution of pest biotypes. Hessian fly genomics will facilitate these types of investigations
by permitting the discovery of the DNA polymorphism~that are necessary for this work and the genetic interactions between genes in various environments.

7.5.5
Chromosome Biology

The function, evolution, and behavior of the
germline-limited E chromosomes have long been
a subject of speculation (Painter 1966). Hessian fly
genomics provides an opportunity to determine the
sequence and syntenic relationship that exist between
the S and E chromosomes of the Hessian fly, and
identify sequences that are unique to each type of
chromosome.
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7.5.6
Genomic Imprinting

Originally discovered in the sex determination pathway of another nematoceran fly (Metz 1938; Crouse
1960), genomic imprinting regulates gene expression
based on whether the gene in question was inherited
from the mother or the father. Precisely how it functions, or why it evolved, is still unknown. However,
it is clearly involved in aging and reproduction (Reik
and Walter 2001; Clayton-Smith 2003) and it is known
that its malfunction results in human diseases such as
Rett syndrome (Horike et al. 2004), Angelman's syndrome (Jiang et al. 1999), Beckwith-Weidemann syndrome (Maher et al. 2003; Weksberg et al. 2003), transient neonatal diabetes (Temple and Shield 2002), and
cancer (Feinberg et al. 2002; Clayton-Smith 2003). Genomic imprinting may be an ancient and highly conserved mechanism (Constincia et al. 1998). Therefore, the Hessian fly presents an opportunity to improve our understanding of this mechanism because
imprinting is so clearly evident during its chromosome cycle. Future investigations will utilize genomics
to develop markers that will make it possible to easily
follow genomic imprinting during both meiosis (spermatogenesis) and mitosis (embryogenesis) thereby
permitting the identification of the controlling sequences and genes involved in these processes.

7.5.7
Assembly of a Full Shotgun Genome
Sequencing Effort

By providing a framework onto which shotgun sequenced contigs can be positioned, an FPC-based
physical map of the genome has tremendous utility (Soderlund et al. 2000). Therefore, completion of
a physical map of the Hessian fly may advance the
possibility of a fully sequenced Hessian fly genome.
In addition to making it easier to discover the Avr
genes, determine the structures of the SSGP-encoding
genes, and advance population biology and comparative genomics, an assembled draft sequence would
permit the development of a genomic-DNA-basedmicroarray chip that could be used to complement gene
profiling experiments in wheat, and the discovery of
genes that might be exploited as targets for the management of Hessian fly.
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